There is a low level of free ribonuclease present in embryonic chick muscle, and the ribosomes are not attached to an endoplasmic reticulum. Thus, it is easy to isolate the polyribosomes (polysomes) in a relatively undegraded fashion. In a previous study we have shown that it is possible to use the undegraded polysomes isolated from embryonic chick leg muscle to form a highly active cell-free protein synthetic system.1 A class of large polysomes containing 50-60 ribosomes was shown to be active in the synthesis of myosin. In the present communication we identify the polysomes which carry out the synthesis of actin and tropomyosin-the other major fibrous proteins of muscle tissue. It is further shown that these proteins synthesized in vitro have the same chemical properties as those seen in native preparations. From the size of the polysomes and the size of the polypeptide chains, we conclude that all three of these fibrous proteins are being synthesized with monocistronic messenger RNA's. By observing changes in the polysomal pattern during different stages of embryonic development, it is inferred that actin-synthesizing polysomes are formed in large numbers initially, followed by myosin and, finally, tropomyosin polysomes at later stages of embryogenesis.
There is a low level of free ribonuclease present in embryonic chick muscle, and the ribosomes are not attached to an endoplasmic reticulum. Thus, it is easy to isolate the polyribosomes (polysomes) in a relatively undegraded fashion. In a previous study we have shown that it is possible to use the undegraded polysomes isolated from embryonic chick leg muscle to form a highly active cell-free protein synthetic system.1 A class of large polysomes containing 50-60 ribosomes was shown to be active in the synthesis of myosin. In the present communication we identify the polysomes which carry out the synthesis of actin and tropomyosin-the other major fibrous proteins of muscle tissue. It is further shown that these proteins synthesized in vitro have the same chemical properties as those seen in native preparations. From the size of the polysomes and the size of the polypeptide chains, we conclude that all three of these fibrous proteins are being synthesized with monocistronic messenger RNA's. By observing changes in the polysomal pattern during different stages of embryonic development, it is inferred that actin-synthesizing polysomes are formed in large numbers initially, followed by myosin and, finally, tropomyosin polysomes at later stages of embryogenesis.
Materials and Methods.-Methods for preparing the tissue homogenate from leg muscles of 14-day-old chick embryos were described previously.' Four polysome fractions, A-D, were isolated and pooled from six sucrose gradients. The polysomes from fractions A through D were sedimented and gently resuspended in buffer. Fraction A had 0.1 mg of ribosomes, B and C each had 0.2 mg, and D had 0.35 mg. An energy-generating system, radioactive amino acids, and a pH-5 enzyme fraction were added as described previously to make a total incubation volume of 1.0 ml for each of the four fractions.1 Incubation was carried out at 370C for 1 hr, 50 -y of ribonuclease was then added, and the incubation mixtures cooled to 00. The products of the incubation mixture were analyzed both by acrylamide gel electrophoresis' and by protein purification procedures. Myosin was prepared both from adult chicken pectoral muscle and from embryonic leg muscle.2 After incubation, mixtures A-D were each added to 4 ml of a solution containing 10 mg of purified myosin in KCl buffer: 0.5 M KCl, 0.01 M tris buffer (pH 7.4), and 0.001 M ethylenediaminetetraacetate (EDTA). The radioactive products of the cell-free incorporation were analyzed by carrying out a series of purification steps for isolating myosin at 3°C. At each step the radioactivity per milligram of protein was measured. An aliquot of protein was precipitated in 5% trichloroacetic acid and the precipitate collected on Millipore filters for radioactive counting. Protein content was determined by the method of Lowry." The specific activity of the initial mixture is plotted as step 1. The solution was diluted with water to lower the ionic strength to 0.03 M KCl to precipitate myosin. After centrifugation at 10,000 X g for 10 min, the supernatant was decanted and the precipitate redissolved in 0.5 M KCl buffer.
Step 2 is the specific activity of the redissolved material. The ionic strength was then lowered to 0.28 M KCl to precipitate actomyosin. The solution was spun at 20,000 X g for 20 min, the supernatant decanted, and its specific activity is step 3. The ionic strength of the solution was next reduced to 0.03 by the addition of water and the precipitate was again centrifuged. After decanting, the precipitate was dissolved in 0.5 M KCl buffer for step 4. Saturated NH4SO4 was added to the solution and the precipitate obtained between 40 and 47% saturation was collected by low-speed centrifugation. This material was dissolved in the 0.5 M KCl buffer and then dialyzed against this buffer for 18 hr for step 5. The measurements for steps 6, 7, 8, and 9 were repetitions of steps 2, 3, 4, and 5 above. At the end of these procedures, the myosin migrated as a single band on the acrylamide gel.
Tropomyosin was prepared from chicken pectoral muscle by the method of Kay and Bailey.4 The four incubation tubes, A-D, were dialyzed against 1 M KCl for 20 hr at room temperature followed by 4 hr against H20 at 5°. The reaction mixtures were then added to 5 ml of a solution containing 10 mg of tropomyosin in 0.001 M Tris (pH 7.0).
Step 1 represents the specific activity of this material. One M HCI was slowly added to the stirred solution until the pH dropped to 4.6. The precipitate was centrifuged at 10,000 X g for 5 min and the supernatant decanted. The precipitate was then dissolved in 5 ml H20 and brought to pH 7 by the slow addition of 1 M NaOH. This material was centrifuged at 100,000 X g for 1 hr. The supernatant is step 2. This procedure was repeated again for steps 3 and 4 in the purification sequence. The resultant solution at pH 7 then had solid NH4SO4 added to it, and the precipitate which formed between 46 and 70% saturation was collected by slow-speed centrifugation. The precipitate was dissolved in water and dialyzed against a large volume of distilled water for 18 hr for step 5. Steps 6, 7, and 8 in the purification procedure were repetitions of the isoelectric precipitation at pH 4. 6, and step 9 was a repetition of step 5. At the end of the tropomyosin purification, the material migrated on acrylamide gel electrophoresis as a single band. Actin was prepared from chicken pectoral muscles by the method of Dowben et al.' At the end of the incubation, 7 vol of cold acetone were added to the four fractions, the solutions were centrifuged at low speed, and the precipitate dried to form an acetone dry powder.
The powder was extracted with 5 ml of actin buffer (0.001 M Tris(pH 7.8), 0.002 M ATP, 0.0002 M ascorbic acid) for 1 hr at 3°. The insoluble residue was centrifuged out at low speed and the supernatant solution had added to it 3 ml of a solution containing 8 mg of actin in buffer. The specific activity of the resultant solution represented the first step in actin purification. The purification was carried out by successively converting actin from the soluble globular to the insoluble fibrous form. KCl was added to a concentration of 0.001 M, and the solution stood overnight. The F actin precipitate was centrifuged at 60,000 X g for 1 hr. After decanting, the precipitate was resuspended in 3 ml of actin buffer and the specific activity measured for step 2. This material dialyzed overnight against actin buffer, then MgC12 was added to 0.7 mM MgC12, and it was then allowed to stand for 12 hr. The resultant turbid solution was again centrifuged. This partial polymerization resulted in smaller aggregration and therefore has less trapped impurity. The precipitate was redissolved again in actin solution and its specific activity represents step 3 in the purification. Steps 2, 3, and 2 were repeated to produce steps 4, 5, and 6 in the purification.
Results.-The polysomes obtained from the chick muscle lysate were collected in four separate fractions, A through D, as shown in Figure 1 . Fraction A has the largest polysomes with 50-60 ribosomes. These were previously identified as being active in myosin synthesis.' Fraction B contains polysomes with 15-25 ribosomes as shown by carrying out ribosomal counts in electron microscopic preparations. Fraction C has polysomes containing 5-9 ribosomes, while fraction D consists mostly of single ribosomes and a small number of ribosomal dimers. Portions of the gradient between the fractions were omitted from the incubation in order to characterize more clearly the material made in these different portions of the gradient. Polysomes from fractions A-D were used to prepare systems for cell-free amino acid incorporation as described in Methods. A had synthesized radioactive protein with 35,000 cpm, or approximately 1 mp M of amino acids, per milligram of ribosomes. At the end of the incubation, 50 y of ribonuclease were added to each tube and the incubation mixture was cooled and dialyzed against the electrophoresis buffer. The protein was analyzed on acrylamide gels in 12 M urea at 450C to ensure complete denaturation of the fibrous proteins. Purified myosin, actin, and tropomyosin were run under the same conditions in parallel tubes. The results of a typical gel analysis are shown in Figure 2 . Fraction A shows one major peak which penetrates a short distance into the gel with the same mobility as myosin. These results are similar to those observed previously.' The remaining radioactivity in fraction A migrates more rapidly than myosin but fails to form well-defined peaks. The total protein was included in all of these preparations, including the radioactive nascent polypeptide chains on polysomes. These smaller peptides would tend to migrate more rapidly than the completed protein in a more or less continuous distribution. Some of this material may account for the more rapidly migrating radioactivity ahead of the main peak in fraction A. Fraction B has two or three major peaks. The slowest one migrates with the same mobility as actin. In some preparations, the two closely spaced peaks migrating more rapidly than actin did not resolve into two separate components. Fraction C has two major peaks, the more rapid of which moves with a mobility equal to that of tropomyosin. The more slowly migrating peak moves with the same speed as one of the components of B. The radioactive material formed in fraction D never migrates as a single component but rather forms a broad distribution spread along the gel.
The results of the gel analysis suggested that fractions A, B, and C were active in the synthesis of myosin, actin, and tropomyosin, respectively, because one of the products of the cell-free synthesis co-electrophoresed with marker preparations of proteins in the denatured state. In the previous work,' myosin could be identified because its polypeptide chain was so large that no other molecules migrated so slowly in the acrylamide gel. However, many proteins migrate at the same speed as actin and tropomyosin. Accordingly, it was necessary to utilize an alternative method to identify the products of cell-free synthesis. This was accomplished by adding small quantities of unlabeled native actin, myosin, or tropomyosin to incubations A through D and then re-isolating the proteins. If the native protein can be continually re-isolated at constant specific activity, it would indicate that that particular protein had been synthesized in that fraction. This procedure is based on the fact that nonspecific adsorption of contaminating molecules is gradually eliminated through a series of preparative isolations which utilize different chemical properties of the molecules. -Distribution of radioactive proteins on acrylamide gel electrophoresis. The electrophoresis was performed as described previously' except that a 0.5-cm 3% spacer gel at pH 7.2 was used on top of a 6-cm 7% running gel at pH 8.6. The electrode buffer was at pH 8.6. A 0.2-ml sample in 12 M urea, 0.1% 2-mercaptoethanol, and 50% sucrose was layered on the 12 M urea gel. Gels were run at 4 ma per tube for 5 hr at 450C. Direction of migration is to the right.
Radioactivity was measured by freezing and slicing the gel in pieces 0.47-mm thick and counting them in groups of three.
Parallel runs were made with purified preparations of myosin, actin, and tropomyosin, and the position and widths of their peaks are indicated by horizontal arrows at the top.
At each purification step in Figure 3 , the radioactivity and the amount of protein were measured so that the specific activity is plotted as a function of purification. Myosin purification utilized the peculiar properties of the native molecule which makes it soluble in high ionic strength KCl but insoluble when the ionic strength is lowered. In addition, myosin precipitates over a narrow concentration range of NH4SO4. It can be seen in Figure 3a that the specific activities of fractions B, C, and D decrease at a rapid rate. The NH4SO4 precipitation in step 5 eliminated most of the remaining radioactivity in fractions B, C, and D, but the specific activity in A remained near 50 per cent of its initial value and did not decrease further. The tropomyosin purification shown in Figure 3b utilized both isoeletric precipitation of tropomyosin at pH 4.6 as well as NH4SO4 precipitation. The results show that almost 40 per cent of the radioactivity in fraction C could be isolated to a constant specific activity of tropomyosin. Fraction B appears to have a small amount of material isolatable as tropomyosin, while fractions A and D have none at all. Figure 3c shows the results when actin is isolated from the 12 per cent of the radioactive protein in fraction B was isolatable as actin at specific constant activity; slightly more than half of this amount was found in fraction C, although the specific activity in that fraction was decreasing during the last three steps of the isolation procedure. The results of these isolation procedures indicate that fraction A has a sizeable component of its radioactive protein with chemical properties identical to those of native myosin molecules, while fraction C has a substantial amount which has the properties of tropomyosin. Actin synthesis appears to be largely in fraction B, although some of the actin may also be found in fraction C. This is consistent with the gel electrophoresis pattern which shows a shoulder of one of the migrating peaks in fraction C which has the same electrophoretic mobility as purified actin. Thus there appears to be more actin contaminating fraction C than tropomyosin contaminating fraction B. This is probably related to the fact that large polysomes can assume a variety of configurations in solution and consequently sediment in a broader envelope than is found with polysomes containing a smaller number of ribosomes.
The polysomal pattern of chick embryo muscle tissue is characteristic and quite distinct from that found in other tissues. However, this pattern varies as a function of the developmental age of the embryo. There is a gradual increase in the number of ribosomes in the tissue as development proceeds. Seventy per cent of the ribosomes are found in polysomes in the 10-day-old embryo, while 80 per cent are found in polysomes at 18 days. In the ten day embryo, there is a sharp peak in the polysome region associated with actin synthesis, while the rapidly sedimenting peak of myosin polysomes is relatively small at this early stage. By 14 days there has been a significant increase in the number of myosin polysomes with very little change in the number of polysomes in the region synthesizing actin. A rise of polysomal material is seen at this time in the region where tropomyosin synthesis occurs. By 18 days the pattern has changed appreciably largely due to a great increase in the number of polysomes containing four to eight ribosomes. Discussion.-The formation of myofflaments in the developing leg muscle of chick embryos has been studied in the electron microscope.6" Two varieties of myofilaments have been seen, actin filaments 60-70 A in diameter, and thicker myosin -filaments, 160-170 X in diameter. In the early development of chick embryos, the thin actin filaments appear first. At 12 days, the thin filaments still outnumber thick filaments by a ratio of 7:1.6 These results are in agreement with the polysomal patterns described above. In the electron microscope studies, the actin and myosin filaments are seen to associate together in a hexagonal array before the characteristic appearance of tropomyosin Z band material. These observations are also in agreement with our findings that a prominence in the part of the polysomal peak associated with tropomyosin synthesis appears later in development than that associated with actin or myosin. The marked change in the polysome pattern between 14 and 18 days is due to the emergence of a polysome containing 4-8 ribosomes. We do not know which new protein is being synthesized during this period, although the leg muscles redden between 14 and 18 days. This may be associated with the accumulation of myoglobin.
In hemoglobin synthesis, a ribosomal pentamer is the predominant polysomal species active in synthesizing a polypeptide chain of molecular weight 17,000.9 In the previous paper' identifying the polysomes active in myosin synthesis, it was pointed out that polysomes with 50-60 ribosomes would be capable of synthesizing a polypeptide chain of molecular weight 170,000-200,000 if the ribosomal loading on messenger RNA were similar to that found in hemoglobin synthesis. This is the molecular weight range estimated by physical-chemical techniques for the subunit of myosin.°1 1 It was concluded that myosin is synthesized on a monocistronic messenger RNA. This analysis can now be extended to actin and tropomyosin. Actin has a molecular weight which has been reported at 60,000-70,000,12. 13 and it is synthesized predominantly in fraction B which contains polysomes with 15-25 ribosomes. If the messenger loading were similar to that seen in the synthesis of hemoglobin, we would expect polysomes containing from 17 to 21 ribosomes to be active in the synthesis of actin. This agreement leads us to infer that the messenger RNA for actin synthesis is monocistronic. Tropomyosin is a molecule made of two identical subunits which have a reported molecular weight of 30,000-35,000.14 This is synthesized largely in fraction C which has polysomes containing five to nine ribosomes. The larger of these covers the size range of polysomes which would be estimated to be active in synthesizing a polypeptide chain of this size if the loading were similar to that seen in hemoglobin synthesis. From this we infer that tropomyosin is also synthesized by monocistronic messenger RNA.
In the present experiments the basis for believing that native molecules of myosin, actin, and tropomyosin were synthesized in vitro is the fact that continual re-isolation of these proteins led to a constant specific activity. This implies that the newly synthesized protein has the same chemical properties as the unlabeled carrier protein which was added to the system. These chemical manipulations were sufficiently varied so that it is reasonable to conclude that native molecules had been manufactured in the cell-free system. This implies that the polypeptide chains were assembled and then assumed native configurations, including subunit associations, since the subunits do not have the same chemical properties as the native molecule. However, it is clear that this conclusion must rest ultimately upon a more detailed characterization including fingerprinting techniques.
Summary.-Three groups of different-size polysomes obtained from a sucrose gradient analysis of embryonic chick muscle lysate were used as a basis for a cellfree system of protein synthesis. Incubation and characterization of these three fractions showed that they were synthesizing myosin, actin, and tropomyosin. Isolation and purification of these molecules indicated that they had been formed in a native configuration. From an analysis of the size of the polysomes and the size of the polypeptide chains in the proteins, it was inferred that all of them are synthesized on monocistronic messenger RNA molecules. Changes in the polysomal pattern during embryonic differentiation suggest that actin synthesis is somewhat more predominant initially than myosin synthesis, and that tropomyosin synthesis increases at a later stage than the others.
